The activity of catalytic systems derived from the interaction between Rh(CO) 2 acac and [Ir(COD)Cl] 2 , respectively, with the water soluble thioligands (L)-Cysteine (1) and (S)-Captopril (2), was tested in the aqueous biphasic hydrogenation of some representative ␣,␤-unsaturated compounds as 2-cyclohexen-1-one (I), trans-cinnamaldehyde (V) and [3-(1,3-benzodioxol-5-yl)-2-methylpropenal] (X), precursor of the fragrance Helional ® (XI). The precatalyst Rh/Cap was able to hydrogenate cyclohexenone even at low pressure at 60
Introduction
Catalytic biphasic reactions are widely used because of their advantages over conventional homogeneous catalytic syntheses as the easy separation and reuse of the expensive catalyst and the environmental aspects of the chemical process [1] [2] [3] . In particular, aqueous/organic biphasic reactions, that employ water-soluble catalysts, are increasingly attractive and many water soluble ligands and/or surfactants have been employed in catalytic reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Recently, we reported a highly efficient and chemoselective hydrogenation reaction using water soluble complexes derived from the interaction between Rh(CO) 2 (acac) and [Ir(COD)Cl] 2 , respectively, with human serum albumin (HSA) [11] . Previous studies, carried out by us on the catalytic system Rh/HSA, showed an outstanding correspondence between the surface distribution of Rh and S atoms of the protein, therefore we hypothesized that the metal atom mainly interacts with the sulfur atoms [12, 13] : the great affinity of "soft" metals, such as rhodium, for the thiolic group is well known [14] . Encouraged by these results, we turned our attention to simpler and cheaper water soluble thioligands capable of promoting efficiently the hydrogenation process and, at the same time, allowing easy recovery and recycling of the water soluble catalytic complex. Then, we extended our research work to the aqueous biphasic hydrogenation of some model substrates in the presence of rhodium and iridium complexes modified with simpler ligands than HSA, such as the aminoacid (L)-Cysteine (1) and (S)-Captopril (2) (Fig. 1 
). (L)-Cysteine is a component of human serum albumin itself, while (S)-Captopril, [(S)-1-[(S)-3-mercapto-2-methylpropanoyl]pyrrolidine-2-carboxylic acid]
, is a pharmacologically active ACE inhibitor, easily available at low price. The catalytic complexes were prepared in situ by reacting Rh(CO) 2 (acac) and [Ir(COD)Cl] 2 , respectively, with (L)-Cysteine (Rh/Cy and Ir/Cy) or with (S)-Captopril (Rh/Cap and Ir/Cap) and the aqueous solutions obtained used as catalytic phase in the biphasic hydrogenation of some ␣,␤-unsaturated substrates as 2-cyclohexen-1-one (I), trans-cinnamaldehyde (V) and [3- (1,3-benzodioxol-5-yl)-2-methylpropenal] (X).
Experimental

General remarks
Rh(CO) 2 thesized as described in the literature [15] . (S)-Captopril was a generous gift of Prochifar srl (Milan). 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance 300, using D 2 O as solvent. GC analyses were carried out on an Agilent 6850A gaschromatograph and GC-MS analyses were performed by using an Agilent MS Network 5937. IR spectra were recorded on an FTIR Nicolet Magna 750 instrument. Solvents were purified as described in the literature [16] .
Catalyst preparation
The catalytic complexes Rh/Cy, Ir/Cy, Rh/Cap and Ir/Cap were prepared in situ by reacting, at room temperature, Rh(CO) 2 (acac) (2.7 mg, 0.0104 mmol) and [Ir(COD)Cl] 2 (3.5 mg, 0.0052 mmol), respectively, with (L)-Cysteine (2.5 mg, 0.0208 mmol) or with (S)-Captopril (4.2 mg, 0.0208 mmol), in 4 ml of disareated aqueous buffer solution (pH 7.2 or 10), until complete dissolution of the complex.
Catalyst characterization
In order to have some information on the structure of the catalytic systems Rh/Cy and Rh/Cap, NMR spectra were recorded by using a Bruker Avance 300 spectrometer working at 300 MHz. Both samples were prepared by dissolving, in disareated D 2 O, Rh(CO) 2 acac (2.7 mg, 0.0104 mmol) and (L)-Cysteine (2.5 mg, 0.0208 mmol) or (S)-Captopril (4.5 mg, 0.0208 mmol), respectively. NMR spectra of both free thioligands in D 2 O were carried out, too. FT-IR spectra (KBr pellet) of Rh/Cy and of the free aminoacid (L)-Cysteine, in the range of 4000-600 cm −1 , were also recorded. The sample of Rh/Cy was obtained by dissolving in disareated water Rh(CO) 2 acac (2.7 mg, 0.0104 mmol) and (L)-Cysteine (2.5 mg, 0.0208 mmol) and, after removal of the water, it was dried under vacuum. The data obtained in both NMR and IR spectra are reported and discussed in Section 3.1.
Aqueous biphasic hydrogenation experiments
All reactions were carried out following the procedure below described for the Rh/Cap catalyzed hydrogenation of 2-cyclohexen-1-one (I). Experimental details for all the hydrogenations are reported in Tables 1-9. 2.4.1. Aqueous biphasic hydrogenation of 2-cyclohexen-1-one (I) catalyzed by Rh/Cap at pH 7.2
In a Schlenk tube, 2.7 mg (0.0104 mmol) of Rh(CO) 2 acac and 4.5 mg (0.0208 mmol) of (S)-captopril (metal/thioligand = 1/2 molar ratio) were stirred under nitrogen in 4 mL of disareated aqueous phosphate buffer solution (pH 7.2) until complete dissolution of the complex. A solution of 500 mg (5.2 mmol) of 2-cyclohexen-1-one (I) in 2 mL of toluene was then added to the aqueous phase. The Schlenk tube was then transferred into a 150 mL stainless steel autoclave under nitrogen, pressurized with 5 MPa of H 2 and stirred for 1 h at 60 • C ( Table 3) . The reactor was then cooled to room temperature and the residual gases released. The organic Substrate = 5.2 mmol; substrate/Rh (molar ratio) = 500/1; Rh/(S)-Captopril (molar ratio) = 1/2; aqueous buffer sol./toluene = 4/2 ml; p(H2) = 5 MPa; T = 60 • C. a Reaction carried out by using the aqueous phase recovered from the previous run.
Table 4
Aqueous biphasic hydrogenation of 2-cyclohexen-1-one (I) catalyzed by Rh/Cap at pH 7.2 and p(H2) = 0.5 MPa. Substrate = 5.2 mmol; substrate/Ir (molar ratio) = 500/1; Ir/(L)-Cysteine (molar ratio) = 1/2; aqueous buffer sol./toluene = 4/2 ml; p(H2) = 5 MPa; T = 80 • C; t = 21 h. a Reaction carried out by using the aqueous phase recovered from the previous run. Substrate = 5.2 mmol; substrate/Rh (molar ratio) = 500/1; Rh/(L)-Cysteine (molar ratio) = 1/2; aqueous buffer sol./toluene = 4/2 ml; p(H2) = 5 MPa; T = 80 • C; t = 24 h. a Reaction carried out by using the aqueous phase recovered from the previous run.
Table 7
Aqueous biphasic hydrogenation of trans-cinnamaldehyde (V) catalyzed by Rh/Cap at pH 7.2 in the water/toluene-ethylene glycol system. 
Results and discussion
A first set of hydrogenation experiments was carried out on 2-cyclohexen-1-one (I) (Scheme 1), chosen as representative Substrate = 5.2 mmol; substrate/Rh (molar ratio) = 500/1; Rh/(S)-Captopril (molar ratio) = 1/2; aqueous buffer sol./2-MeTHF/ethylene glycol = 4/2/0.5 ml; p(H2) = 5 MPa; T = 80 • C; t = 24 h. a Reaction carried out by using the aqueous phase recovered from the previous run.
Scheme 1. Aqueous biphasic hydrogenation of 2-cyclohexen-1-one (I).
␣,␤-unsaturated ketone, by using catalytic solutions obtained by dissolving Rh(CO) 2 acac and the thioligand 1 or 2 in a disareated phosphate buffer aqueous solution (pH 7.2).
The catalytic system Rh/Cy gave low substrate conversions after 21 h at 60 • C and 5 MPa of H 2 but increasing the reaction temperature to 80 • C practically quantitative conversions were reached even after four recycle experiments (Table 1) . In any case, at both 60 and 80 • C the catalyst selectively reduced the C C double bond so furnishing only cyclohexanone (II).
Very interesting results were obtained by using an aqueous catalytic solution buffered at pH 10: the activity increased affording 24-35% conversions after only 6 h at 60 • C and cyclohexanone (II) was the sole product. When the reaction was carried out for 21 h, quantitative conversions were obtained but, besides cyclohexanone (II), also cyclohexanol (III) was also found in the reaction mixtures (8-18%) ( Table 2) .
It is known that strong bases enhance the activity of the catalyst by promoting the formation of catalytically active dihydride intermediate, as demonstrated by Noyori's ruthenium-phosphine complexes [17, 18] . In this case, the formation of the saturated alcohol III can be due to both the increased activity of the catalyst and to the hydrogenation of the enol of cyclohexanone formed in basic conditions. We can also hypothesize that the enhance of reactivity was also probably due to a stronger and more stable bond between rhodium and the dianionic form of the thioligand formed in alkaline medium. We pursued our investigation by using the catalytic system Rh/Cap, always at 60 • C and 5 Mpa for 21 h, in a neutral environment (Table 3) .
This catalyst was much more active than Rh/Cy, affording complete substrate conversions even after four recycle experiments: in all cases, mixtures of cyclohexanone (II), the prevailing reaction product, and cyclohexanol (III) were obtained. It is noteworthy that the amount of cyclohexanol (III), that in the two first runs exceeds 30%, slowly tends to decrease gradually as the catalyst is recycled, due to some deactivation of the catalyst itself that becomes less active but more selective. The reaction was carried out also for a shorter time (1 h): the catalytic system showed a very good activity (70-90% conversions) with a complete selectivity to cyclohexanone (II) ( Table 3) .
Owing to the good results obtained with this catalytic system we carried out some hydrogenation experiments under the above reaction conditions but at 0.5 Mpa of H 2 (Table 4) .
Even at low hydrogen pressure the catalytic system was very efficient: however, from the second recycle experiment, we can observe a gradual decrease in activity leading to 75% of conversion at the fourth recycle of the catalyst. It is interesting to note that the pressure decrease leads to exclusive formation of cyclohexanone (II).
It is noteworthy the great stability of both catalytic systems Rh/Cy and Rh/Cap in the aqueous phase: in fact, when these catalysts were employed in cyclohexenone (I) hydrogenation in homogeneous phase, by using toluene as the sole solvent, not only their activities were lower than in the aqueous biphasic system but also an extensive decomposition of the catalysts was observed. As a matter of fact, the catalytic system Rh/Cap was employed to hydrogenate 2-cyclohexen-1-one (I) in toluene at 50 • C and 5 MPa: after 22 h cyclohexanone (II) was obtained in only 3% yield and the catalyst decomposed affording a dark brown precipitate. When the same reaction was carried out in the presence of the catalytic system Rh/Cy, cyclohexanone (II) was obtained in 67% yield but the rhodium complex was transformed into black metallic rhodium.
Analogous complexes of Iridium were used in the hydrogenation process, too. The catalytic system Ir/Cy, employed in the hydrogenation of I at 80 • C and 5 MPa of H 2 for 21 h, was less active than Rh/Cy, affording only about 15% of cyclohexanone (II). In order to increase the reaction yield, we carried out some experiments under the above reaction conditions but in an aqueous solution buffered at pH 10: also in this case, the catalytic activity was strongly enhanced, leading to very high substrate conversions even after four recycle experiments (Table 5) .
In line with what observed with the rhodium catalyst, Ir/Cy, used in an alkaline environment, promoted also the formation of cyclohexanol (III) that maximum reached 23% (experiment 4). Analogously to Rh/Cy, also Ir/Cy showed a good stability in all the recycle experiments and no leaching phenomenon was observed using a simple experimental test. In this context, the recovered organic phases were used as catalyst in the hydroformylation of styrene at 80 • C and 80 atm of syngas (CO/H 2 = 1/1) for 17 h: in all cases, hydroformylation products were never found in the reaction mixtures, so evidencing the absence of catalyst in the organic phase. In fact the catalyst present in the aqueous phase, on the contrary, was active in this reaction at the same experimental conditions. Also Ir/Cap, obtained by interaction of [Ir(COD)Cl] 2 with (S)-Captopril, showed a good catalytic activity at 60 • C and 5 Mpa of H 2 , but much lower than that of the related rhodium complex: substrate conversions were in a range of about 60-70% and cyclohexanone (II) was almost the exclusive reaction product being cyclohexanol (III) produced in very small amounts (about 2-3%). Attempts to perform the same reaction at 0.5 MPa gave very disappointing results, conversions did not exceed 12%.
Interesting results were obtained in the hydrogenation of transcinnamaldehyde (V), too (Scheme 2).
The selective hydrogenation of ␣,␤-unsaturated aldehydes is a challenging problem and it strongly depends on the nature of the active metal catalyst and on the hydrogenation reaction conditions (pH, catalyst concentration, ligand amount, etc.) [19] [20] [21] [22] [23] . The well-known Rh(I)/TPPTS complex, employed in the famous Ruhrchemie/Rhône-Poulenc biphasic process for the hydroformylation of propene [4] [5] [6] [7] , hydrogenates ␣,␤-unsaturated aldehydes into the corresponding saturated aldehydes, without decarbonylation, as in the case of cinnamaldehyde that can be selectively reduced to 3-phenylpropanal [19, 24, 25] . Recently we reported some results obtained in cinnamaldehyde hydrogenation by using the catalytic system Rh(CO) 2 acac/TPPTS in the biphasic system water/toluene, at 60 • C and 5 MPa of H 2 for 22 h: practically quantitative conversions were obtained but, even if 3-phenylpropanal (VI) was the main product, alcohols VII and VIII were formed, too [11] . Indeed, the hydrogenation of ␣,␤-unsaturated aldehydes, in particular trans-cinnamaldehyde, is an important process for the production of some useful fine chemicals as intermediates for the synthesis of pharmaceuticals, additives for food flavours and valuable building blocks for fragrances [24] . First we tested the activity of the catalytic system Rh/Cy at 80 • C and 5 MPa of H 2 for 24 h at pH 7.2 (Table 6) .
Rh/Cy showed a fairly good catalytic activity and, as expected, the main reaction product was 3-phenylpropanal (VI): in all the experiments small amounts of both cinnamyl alcohol (VIII) and the saturated alcohol VII were formed, too. Hydrogenations were carried out also in the presence of the catalyst Rh/Cap under the above reaction conditions and the results are fully comparable with those obtained in the presence of Rh/Cy regarding both conversion and selectivity. As the latest experiments had not met our expectations, we carried out some Rh/Cap catalyzed hydrogenations by adding a small volume (0.5 ml) of ethylene glycol to toluene, normally used as solvent of the organic phase: it is known that the use of cosolvents as alcohols increases the interfacial contact between the aqueous phase and the organic one, so allowing a better interaction between the catalytic system and the substrate [26] . Actually, by using ethylene glycol it was possible to considerably increase the substrate conversion: again, the saturated aldehyde VI was the main reaction product, being the corresponding alcohol VII formed in small amounts, while cinnamyl alcohol (VIII) was completely absent (Table 7) . It is interesting to note that the acetal IX (Fig. 2) was always produced, even if in small concentration, but the corresponding saturated acetal was never detected in the reaction mixtures.
Considering the positive effect played by the co-solvent, we carried out some hydrogenation experiments by using ethylene glycol as the sole organic solvent. The catalytic activity was strongly influenced, affording quantitative substrate conversions even after four recycle experiments: besides aldehyde VI, the main reaction prod- uct, also alcohol VII was formed (25-37%), while acetal IX, always present in the reaction mixtures, did not exceed 3% (Table 8) . Also in this case IX did not undergo the hydrogenation process. By carrying out the reaction for only 6 h, conversions of 56-72% were obtained: in this case, besides the above mentioned hydrogenation products and the acetal IX, present in very small amount (1%), also the unsaturated alcohol VIII was detected in the reaction mixtures (Table 8) .
Finally, as both (L)-Cysteine and (S)-Captopril are enantiomerically pure compounds, we valuated if the catalytic systems employed were capable of producing optically active products. With this purpose we chose as prochiral substrate the unsaturated aldehyde X, precursor of the valuable fragrance Helional ® (XI) (Scheme 3): this product is currently commercialized as a racemate but it has been demonstrated that the (S)-isomer is more powerful than the (R)-one [27] .
The only catalytic system capable to hydrogenate X was Rh/Cap, reaching at maximum 30% conversion, with formation of both saturated aldehyde XI and the corresponding alcohol XII; by using 2-methyltetrahydrofurane/ethylene glycol as organic solvent instead of toluene it was possible to moderately increase the substrate conversion ( Table 9) .
The reaction mixtures, recovered from experiments 1 and 2, respectively, after treatment with NaBH 4 to reduce aldehyde XI to alcohol XII, were analyzed by chiral HPLC, using a CHIRAL-CEL OD (250 mm × 10 m × 4.6 mm) column and a mixture of n-hexane/propanol (95/5) as eluant. Very interestingly, while the product obtained in the first experiment was practically a racemate (ee = 2%) the enantiomeric excess measured on the mixture obtained in the recycle experiment was about 14%: the prevailing form was the (R)-enantiomer. Although this result is absolutely disappointing, it is noteworthy the increase of both activity and enantioselectivity after recycling of the catalyst, probably due to a change in the structure of the catalyst. A deeper investigation using NMR could probably help to support this hypothesis: we think that a bidentate thioligand coordination on Rh vs a monodentate coordination, due only to SH group, could increase the steric hindrance of the complex and facilitate the creation of a chiral backbone nearer to the metal. As a consequence, an increase of the difference of energy of the transition states involving the two enantiofaces of carbon-carbon double bond is expected. The prevailing enantiomer obtained by using (S)-Captopril as thioligand was the (R)-isomer: according to the market interest for (S)-enantiomer, it would be necessary to use (R)-Captopril, that is a by-product of the synthesis of pharmaceutically active ingredient of (S) configuration; however, in any case, the observed e.e. is still too low.
Characterization of Rh/Cy and Rh/Cap
Aiming to get some information on the coordination between the metal centre and these water soluble thioligands, we carried out a preliminary and merely explorative NMR study on the catalytic systems Rh/Cy and Rh/Cap, respectively, dissolved in disareated deuterated water. NMR spectra of both free (L)-Cysteine (1) and (S)-Captopril (2), in D 2 O, were carried out, too, and the main changes in NMR spectra of these thioligands, in the presence or not of Rh(CO) 2 acac, are reported in Table 10 . The 1 H-NMR spectrum of (L)-Cysteine showed multiplets at 2.88-3.06 ppm and at 3.87-3.91 ppm assigned to -CH 2 and -CH protons, respectively. The 1 H-NMR spectrum of the complex Rh/Cy obtained by reacting Rh(CO) 2 acac with (L)-Cysteine in a molar ratio 1/2, showed a clear shifting and splitting of these signals as compared with the spectrum of the free aminoacid. In particular, the peaks of the protons of the -CH 2 moiety were shifted from 2.88-3.06 to 3.05-3.34 ppm and those assigned to the -CH group from 3.87-3.91 to 4.00-4.06 ppm. Moreover, the 13 C-NMR spectrum of the complex Rh/Cy showed, as compared with the spectrum of free Cysteine, a shift from 36.7 to 42.3 ppm for the signal assigned to the carbon atom bound to -SH and from 49.5 to 68.9 ppm for the carbon atom bound to the amino group. On the basis of these results, we can assume that the shifting of the aminoacid peaks is due to the proximity of the rhodium and we can hypothesize the formation of a chelate complex due to an interaction of the rhodium atom with both sulfur and nitrogen. In order to further support our hypothesis, FT-IR spectra of Rh/Cy complex and of the free aminoacid in the range of 4000-600 cm −1 were recorded. We could observe that the band present in the Cysteine spectrum at 2550 cm −1 , due to the S-H stretching, was absent in the Rh/Cy spectrum, so confirming the Rh-S interaction; moreover, the strong band at 3427 cm −1 possibly indicated a coordination of the amino group to the metal atom [28] . An analogous study was carried out on the catalytic system Rh/Cap. The 1 H- NMR spectrum of (S)-Captopril showed a quartet at 4.14-4.10 ppm assigned to the proton of -CH in ␣-position to the carboxylic moiety: because of an axial and an equatorial conformation, this proton can couple with the two protons of -CH 2 in ␤-position to -COOH, giving two doublets with the same coupling constant. The 1 H-NMR spectrum of the complex obtained by reacting Rh(CO) 2 acac with (S)-Captopril in a molar ratio 1/2, besides a slight shift of the above signal from 4.14-4.10 ppm to 4.18-4.15 ppm, showed also a splitting of this signal in two doublets with different coupling constants. Moreover, we could observe a shift of the signal assigned to the -CH 2 in ␣-position to the -SH moiety from 2.20 to 2.10 ppm (free thioligand) to 2.50-2.40 ppm (complex Rh/Cap). On the basis of these results, we can assume that the shifting of (S)-Captopril peaks is due to the proximity of the rhodium that probably forms a chelate complex due to an interaction of the metal atom with both sulfur and the carboxylic group.
Conclusive remarks
All the catalytic systems tested were active in the hydrogenation of some representative ␣,␤-unsaturated substrates. The precatalyst Rh/Cy was very active in cyclohexenone (I) hydrogenation by carrying out the reaction at 5 MPa of H 2 pressure at 80 • C at pH 7.2 or at 60 • C but in an alkaline medium. More active was the catalytic system Rh/Cap, capable to selectively reduce cyclohexenone (I) even at low hydrogen pressure in a neutral environment. It is noteworthy that both rhodium catalysts were easily recycled without significant loss of activity. The iridium based catalysts, Ir/Cy and Ir/Cap, showed an analogous trend though their activities were lower than those of the related rhodium catalysts. Both Rh/Cy and Rh/Cap were active also in trans-cinnamaldehdye (V) hydrogenation: very interestingly, the use of ethylene glycol as organic solvent or co-solvent strongly enhanced the activity of these catalytic systems. In all cases the main reaction product was the saturated aldehyde 3-phenylpropanal (VI). Finally, Rh/Cap was employed in the hydrogenation of [3-(1,3-benzodioxol-5-yl)-2-methylpropenal] (X), precursor of the fragrance Helional ® : unfortunately, both substrate conversion and enantioselectivity did not give the desired result but it was noteworthy the increase, even if moderate, of both activity and enantiomeric excess after recycling of the catalyst.
